ABSTRACT: Owing to the dynamic and complex nature of mitosis, precise and timely executions of biomolecular events are critical for high fidelity cell division. In this context, visualization of such complex events at the molecular level can provide vital information on the biomolecular processes in abnormal cells. Here, we explored the plasmonically enhanced light scattering properties of functionalized gold nanocubes (AuNCs) together with surface-enhanced Raman spectroscopy (SERS) to unravel the complex and dynamic biological processes involved in mitosis of healthy and cancerous cells from its molecular perspectives. By monitoring various stages of mitosis using SERS, we noticed that relatively high rate of conversion of mitotic proteins from their α-helix structure to β-sheet conformation is likely in the cancer cells during meta-, ana-, and telophases. Unique biochemical modifications to the lipid and amino acid moieties, associated with the observed protein conformational modifications, were also identified. However, in healthy cells, the existence of proteins in their β conformation was momentary and was largely in the α-helix form. The role of abnormal conformational modifications of mitotic proteins on the development of anomalous mitotic activities was further confirmed by looking at plasmonic nanoparticle-induced cytokinesis failure in cancer cells. Our findings illustrate the vast possibilities of SERS in real-time tracking of complex, subtle, and momentary modifications of biomolecules in live cells, which could provide new insights to the role of protein conformation dynamics during mitosis on the development of cancer and many other diseases.
■ INTRODUCTION
Mitosis is a highly coordinated process, which is complex and dynamic in nature.
1 Errors in this process may lead to the formation of cells with abnormal ploidy, a hallmark of malignant cells. 2, 3 Understanding various biochemical aspects of mitosis in cancer cells requires a systematic investigation of various biomolecular events associated with this process, as it can enhance our knowledge about the cancer cell responses, thereby to develop more efficient diagnostic and therapeutic techniques against cancer. Due to the dynamic nature of this process, simultaneous visualization of various chemical and conformational modifications to the biomolecules involved in mitosis is challenging. Consequently, there is a need for highthroughput methods for the precise identification of subtle and momentary mitotic errors. Though fluorescent probe-based techniques enable tracking intracellular biochemistry during mitosis, 4−6 it is still challenging to get the biochemical information on the whole process with this technique as the multitude of biomolecular modifications during cell cycle processes require specific sensors for each enzymatic target.
The excellent optical properties of the plasmonic nanoparticles such as localized surface plasmon resonance and enhanced light scattering properties have been widely used for sensing and light scattering imaging of live cells. 7−10 Among various analytical techniques, Raman spectroscopy is being widely used for the investigation of living cells owing to its noninvasive nature and its advantages over other techniques as it does not require staining and is capable of providing precise chemical information on biomolecular components inside the cells via their sensitivity of vibrational bands to molecular conformation and environmental changes. 11−14 Even though Raman spectroscopy has made significant advancement in cancer diagnosis in vitro and in vivo, 15−17 attaining information on biomolecular modification associated with various biological events is still a difficult task, as only subtle changes happen during these events. On the other hand, the high signal amplification in surface-enhanced Raman scattering (SERS) has generated excitement in visualization of molecular fingerprint snapshots as well as structural and functional modifications associated with various biomolecules during biological events. 18−22 As the enhanced Raman signal comes from the immediate nano-environment around the nanoparticles in the SERS process, this method is capable of providing information about the biomolecular composition of the region of interest inside the live cells adjacent to the nanoparticle, which cannot be expected in a conventional Raman spectroscopy. Here, in view of unraveling the cell responses in cancer and noncancerous cells during mitosis, we explored the enhanced plasmonic scattering property of noble metal nanoparticles together with SERS to monitor the subtle modifications in the physiochemical nature of the biomolecules involved during this process in real-time. Unique biochemical modifications to the lipid and amino acid moieties, associated with the observed protein conformational modifications, were also identified. It is important to note that protein misfolding can result in failure of its normal function and subsequent development of various diseases. 
were purchased from GenScript USA, Inc. Thiol-modified methoxypolyethylene glycol (mPEG-SH, MW 5000) was obtained from Laysan Bio, Inc.
Instrumentation. The transmission electron microscopic (TEM) images were collected using a JEOL 100CX-2 microscope. The average diameter of the nanoparticles was determined using ImageJ software. Dark-field images and SERS spectra from the human oral squamous cell carcinoma (HSC) and human keratinocyte (HaCaT) cells were collected using a Renishaw inVia Raman Microscope coupled with Leica microscope. A 785 nm diode laser was used for the SERS measurements.
Synthesis of Gold Nanocubes (∼46 nm Edge Length). Gold nanocubes (AuNCs) were prepared by following the seed-mediated method reported by Murphy et al. 24 The seed nanoparticles were prepared by the reduction of 2.75 mL HAuCl 4 ·3H 2 O (0.909 mM), which is mixed with the solution of 0.283 g of CTAB dissolved in 5 mL deionized water (DI), by 600 μL of an ice cold 0.01 M NaBH 4 solution under stirring for 2 min. After 1 h, 0.35 mL of 10-fold diluted seed solution was allowed to grow for 4 h in a growth solution. The growth solution was prepared by mixing CTAB solution (2.916 g in 400 mL DI water) with HAuCl 4 ·3H 2 O solution (0.0394 g dissolved in 143 mL DI water) followed by the addition of 6 mL ascorbic acid (1 M). The resultant CTAB stabilized AuNCs were purified by centrifugation and redispersion in DI water.
Synthesis of Gold Nanospheres (∼42 nm Diameter). Gold nanospheres (AuNSs) were prepared by the citrate reduction approach. 25 Briefly, 150 mL of 1% HAuCl 4 ·3H 2 O aqueous solution was brought to boiling, and 3 mL of 0.32% trisodium citrate trihydrate was added. The solution was heated and stirred until it turned the color to red wine. The AuNSs solution was then allowed to cool down to the room temperature.
Preparation of PEG/RGD/NLS-Functionalized Gold Nanoparticles. In order to reduce the cytotoxicity of the gold nanoparticles (AuNCs or AuNSs), they were first conjugated with mPEG-SH. Here, 15 mL of 0.217 nm AuNCs was incubated with 85.7 μL of mPEG-SH (1 mM) for 24 h. For conjugating AuNSs with mPEG-SH, 10 mL of 1.596 nm AuNSs solution was treated with 29 μL of 1 mM mPEG-SH solution for 24 h. Afterward, the PEGylated nanoparticles were treated with RGD and NLS with a ratio of 4:10 to yield PEG/RGD/NLSfunctionalized nanoparticles. The nanoparticles at different stages of preparation were purified by centrifugation to remove unbound ligands.
Cell Culture. HSC and HaCaT cells were cultured in Dulbecco's modified eagles' medium (DMEM, Mediatech), with phenol red, supplemented with 10% v/v fetal bovine serum (FBS, Mediatech) and 1% antimycotic solution (Mediatech) in a 37°C, 5% CO 2 humidified incubator. For the SERS studies, the cells were grown on glass coverslips in complete growth medium at 37°C for 24 h. Afterward, the cells were incubated with appropriate concentrations of PEG/ RGD/NLS-functionalized nanoparticles (AuNCs or AuNSs), diluted in supplemented DMEM cell culture medium, for 24 h. The concentration of the nanoparticles was maintained in such a way to avoid any possible DNA damage. The cells were then synchronized in the G1 phase by serum starvation for 24 h as previously reported. 18 Subsequently, they were released into complete medium and grown for ∼24 h before SERS experiments.
In Vitro SERS Measurements. SERS spectra were collected from the cells, which are in prometaphase or metaphase, in a timedependent manner. Data collected from five independent experiments were analyzed in each case. The spectra were measured with a 1200 lines/mm grating using a Renishaw InVia Raman spectrometer. The laser (785 nm) was directed into a microscope via a series of reflecting lenses and apertures, where it was focused onto the sample by a 50×/ 0.75 N.A. objective. The backscattered signals from the samples were collected by a CCD detector in the range of 400−1800 cm −1 with an integration time of 10 s. The spectra were processed by removal of the spectral background. Here, cubic spline interpolation is used for the baseline fit by manually selecting the points representative of the background. Dark-field microscopic images were acquired using Lumenera's infinity2 CCD digital camera.
■ RESULTS AND DISCUSSION
Though mitosis is the shortest phase of the cell cycles, it is highly complex and dynamic in nature. Hence, monitoring such processes in real-time is challenging. Here, we used AuNCs for our studies owing to their high electric field distribution around its corners and edges, which is capable of enhancing the intensities of Raman vibrations to a large extent. 26 The AuNCs were synthesized by following a modified seed-mediated method (see Experimental section for details). For the cell studies, we used AuNCs, which are functionalized with methoxypolyethyelene glycol (PEG) molecules in order to minimize their cytotoxicity. Further, these particles were conjugated with RGD and NLS (peptide sequences used for enhancing the cellular uptake of the nanoparticles and targeting the nucleus, respectively) to target them toward the nucleus ( Figure 1A ). The size and shape of the AuNCs were characterized by using TEM and found that they have an average edge length of ∼46 nm ( Figure 1B ). Presence of some assorted shape along with the cubical nanoparticles was also obvious in the TEM image. The AuNCs showed an absorption maximum at ∼532 nm, which is shown in Figure S1 . The uptake of the AuNCs by the cancer cells (HSC) after 24 h incubation was confirmed by the dark-field (DF) microscopy, which showed the localization of AuNCs predominantly in the nuclear region of the cells ( Figure 1C ). The concentration of the AuNCs was maintained as low as possible (0.007 nM) to avoid any possible DNA damage. For the real-time monitoring of mitosis using SERS, AuNCs targeted cells were prepared by synchronizing them into G1 phase by serum starvation and subsequent release into the fresh medium. The mitotic cells in their prometaphase/ metaphase were selected for the real-time study. Transition of the cells to the prometaphase was characterized by the breakdown of their nuclear envelope. Such cells were easily identifiable and appeared as "balled-up" and bright in the DF image ( Figures 2, 3 , 5 and supporting videos). Time-dependent SERS spectra were collected from a specific point by focusing the laser onto the clustered AuNCs, which showed lesser movement inside the cells, at various time intervals. Spectra were collected from the same point throughout the measurements. In order to limit any damage to the cells by the possible laser-induced photothermal heating by the AuNCs, the cells were exposed to the laser only during the spectral acquisition. The mitotic cells underwent normal cell division, which was obvious in the video files. A schematic representation of various stages of mitosis is given in Figure 2A . The SERS spectra collected from a single HSC cell at various stages of mitosis and corresponding DF images are given in Figure 2B ,C (time-lapse video clip created from the DF images, video S1, is given in the Supporting Information). The spectral collection was started as soon as the cell entered into the prometaphase (initial spectrum and DF image in Figure 2B ). The spectrum at this stage showed prominent Raman bands, which are mainly attributed to the specific vibrations corresponding to proteins and lipids.
The Raman bands appeared at ∼502 and ∼670 cm −1 are mainly due to the vibrations corresponding to the disulfide (S− S) and C−S bonds of the sulfur-containing amino acids present in the mitotic proteins. 27, 28 As mitosis is highly dynamic in nature, various proteins are involved in regulating this process, and these proteins will undergo conformational modifications at various stages of mitosis. Consequently, molecular environments around the AuNCs change constantly, which appear as modifications in the Raman vibration bands. The apparent change in the intensities and vibration maxima of the disulfide and C−S bands could be attributed to the possible changes in the extent of interaction between proteins and AuNCs as well as their conformational modifications and subsequent modifications in the dihedral angle of the C−S−S−C bonds. 27, 29 Because of this reason, the multiple C−S vibrations appeared in between 600 and 700 cm −1 regions. In general, the amide III vibration bands of proteins are considered to be the conformational marker bands of various polypeptide backbones, which depend on the relative orientation of the N−H and Cα-H bonds and appear as multiple bands in between 1210 and 1300 cm . 30, 31 The amide III band seen in between 1260 and 1300 cm −1 has been attributed to the α-helix structure of the proteins, whereas the spectral features found at around 1240−1255 and 1210−1235 cm −1 were attributed to the random coil structure and the β-pleated sheet conformation of the proteins, respectively. Note that C 6 H 5 −C stretching vibrations of phenylalanine and tyrosine (band usually observed at 1205−1210 cm −1 in the normal Raman spectra) 32, 33 may also contribute to the broad band corresponding to the amide III-β conformation. In the Raman spectra of HSC cell collected in the prometaphase (initial spectrum), the Raman feature corresponding to the α-helix and β-sheet conformations of amide III vibration appeared at around 1268 and 1226 cm −1 , respectively. The amide III vibration corresponding to the random coil structure also appeared at around 1240 cm −1 as a shoulder band along with β conformational band. Among the three amide III vibrations, the Raman band at ∼1226 cm −1 appeared as the prominent band in the prometaphase (Figure 2B ) of the mitotic HSC cells. Details on the assignments of the main vibrations in the SERS spectra are given in Table 1 .
The multiple bands around 1005 and 1027 cm −1 are attributed to the aromatic ring breathing (RB) vibrations correspond to the amino acids such as phenylalanine (Phe) and tryptophan (Trp) (contribution from the C−H in-plane bending mode of Phe), respectively. 34−36 The Phe feature at 1005 cm −1 was found to be unaltered in most cases as it is unlikely to change the RB vibration of Phe with their environmental modifications and is generally used as a marker band to normalize the Raman spectra, 37 whereas the intensity of vibration of the Raman band observed at 1027 cm −1 was drastically modified during the course of mitosis.
The vibrational bands found in between 1100−1150 cm −1 of the spectral region are mainly composed of the C−C stretching vibrations of the long-chain hydrocarbon backbone of the lipid and the C−N vibration of proteins.
11,38−40 The sharp feature seen around 1110 cm −1 in the initial spectrum is mainly attributed to the lipid chain in their gauche conformation. 40, 41 This band appeared along with a shoulder band at around 1130 cm −1 , which could be due to their all-trans conformation. The presence of a strong band at around 1305 cm −1 in the spectra also supports these arguments as lipids show a band for characteristic in-phase methylene twist in this region. 40 The vibration at ∼1450 cm −1 is attributed to CH 2 bending mode of proteins and lipids along with methylene deformation. 42 The high sensitivity of our technique in obtaining nearly consistent spectra from a complex biological environment has been demonstrated by collecting the spectra from different cells, which were synchronized to G1 phase ( Figure S3 ). Apart from this, SERS spectra collected from a single HSC cell (synchronized to G1 phase) at different time intervals also showed high spectral consistency ( Figure S4 ). As mitosis is highly dynamic in nature, drastic and momentary spectral modifications are expected and were obvious in the Raman spectra. Even though large numbers of Raman bands got modified at different time intervals of mitosis, we looked at the spectral modifications to certain vibrations, which were more prominent and consistent during this process. Among the various Raman bands, vibrations correspond to S−S and C−S bonds, RB vibrations of Phe and Trp, and amide III vibrations (α-helix and β-sheet forms) showed significant and consistent changes and were studied in detail. In order to avoid any discrepancy related with the fluctuations in the intensity of the Raman signals, we studied the intensity ratio of these bands instead of their absolute intensities. The reliability of observed results was further confirmed by performing an independent experiment, where the time-dependent SERS spectra of mitosis were collected from a different HSC cell ( Figure S5 ). The spectral trends of the aforementioned Raman bands were almost the same in both the experiments. Slight variations in certain Raman vibrations could be due to the difference in the time intervals at which the spectra were collected.
In the SERS spectra of HSC mitosis, an obvious enhancement in the ratio between the I 1005 /I 1027 was observed through prometaphase to telophase ( Figure 2B ). The relative enhancement in the intensity of Raman RB vibration of indole ring 43 present in Trp at 1027 cm −1 could be attributed to the possible interaction of AuNCs with the major mitotic proteins such as microtubules and actins.
1, 44 The observed Raman vibrations were in concordance with an earlier report. 45 Tubulin comprises of 2−4% of the total protein concentration in normal cells. 46 Structurally, microtubules are composed of dimerized α-and β-tubulin protein subunits. The tubulin proteins self-assemble into microtubules, and their outer surface contain several amino acids, such as histidine, methionine, and Trp that can serve as potential binding sites for gold. 47 Tubulin contains eight Trp residues at A21, A346, A388, A407, B21, B103, B346, and B407 in the two subunits 48 and are accessible for binding with AuNCs through carboxyl and indole functional groups. 49 The RB band of Trp is sensitive to the strength of the van der Waals, hydrogen bonding, and π−π interactions, with surrounding amino acid residues. 50, 51 The shift in the RB vibration to higher wavenumber side compared to the normal Raman vibration could be attributed to these aspects. 52 In many situations, the intensity of C−C stretching vibration of lipid backbone at 1110 cm ) and simultaneous enhancement in the intensity of vibration at 1027 cm −1 (from prometaphase to telophase in Figure 2B ) indicates the interaction of the extended hydrophobic aromatic indole ring of Trp amino acid residue and phenylalanine with lipid acyl chains. 52, 53 However, the hydrophilic N−H group of the indole ring in Trp can participate in the hydrogen-bonding interaction, 54 which can result in the enhancement in the RB vibration of Trp. Moreover, Trp plays the key role in protein folding as it has the largest nonpolar surface area with polarizable indole N−H moiety. 55 Apart from this, tubulin contains 20 free cysteines (12 in α-tubulin and 8 in β-tubulin), 56 which may also take part in binding. The higher binding affinity of MTs toward AuNPs surface makes them a good template for assembling AuNPs. 45, 57 As the mitosis in HSC cell progresses, the intensity of vibrations corresponding to the disulfide stretching decreased with simultaneous enhancement in the C−S vibrations. The increase in the intensity of vibration corresponds to C−S band could be due to this reason. The rapid modifications in the conformations of the mitotic proteins may also cause movements of disulfide bonds away from the nano-environment around the AuNCs. Note that the disulfide vibration usually appears at ∼502 cm −1 and is fairly intense in the SERS spectra of cells in their G1 phase ( Figure S2 ). SERS spectra of HSC cell synchronized to G1 phase did not show any drastic change even after 30 min ( Figure S4 ). Compared to G1 phase, mitotic phase is relatively short and highly dynamic. This indicates that drastic biomolecular modifications during the mitosis indeed paly an important role in the observed spectral changes.
The aforementioned observations reveal that the protein conformation has a vital role in the timely execution of mitosis. In view of studying the unique conformational modifications of proteins during mitosis, amide III vibrations (1200−1300 cm −1 ) at various stages of mitosis were looked at in detail as these vibrations are most sensitive to protein conformations due to coupling of this vibration with Cα-H bending and C−N stretching vibrations. 58, 59 It was noted that the mitotic proteins acquire β conformation as the mitosis progresses from prometaphase to telophase ( Figure 2B ). In comparison with the amide III vibration corresponding to the α-helix conformation (1275 cm ), a gradual increase in the vibration corresponding to β-pleated sheet (1226 cm −1 ) was observed until telophase (18 min). As a result of conformational modification, the vibrations found at 1455 cm −1 of the CH 2 bending vibration of proteins and lipids along with methylene deformation also showed a simultaneous enhancement in its intensity. After the telophase (∼18 min), the spectra collected from the daughter cells showed more resemblance to the cells in their G1 phase ( Figure S2 ). Gradual enhancements in the vibrations correspond to the disulfide bond, lipid backbone as well as protein C−N, lipid CH 2 twist and amide III vibration of α-helix conformation were obvious in the spectra of cells after cytokinesis.
It is well-known that protein folding plays a vital role in regulation of cellular growth and differentiation.
60, 61 The abnormal formation of β-sheet conformation can result in the exposure of hydrophobic amino acid residues, which may be an indication of abnormal behavior of the cells. 61 In view of identifying the unique biomolecular events associated with mitosis in cancer and healthy cells, we looked at the various stages of mitosis in healthy cells (human karatinocyte (HaCaT)), from its molecular perspective using SERS. Figure  3 shows the time-dependent SERS spectra and corresponding DF images collected from a single mitotic HaCaT cell at various stages of mitosis (also see Supporting Information video S2). The extent of uptake of AuNCs was relatively higher in the HSC cells than in the HaCaT cells, as the HSC cell has αβ integrins overexpressed on its cell surface and RGD present on the AuNC surface can effectively target them on the cancer cell surface than HaCaT cells, making AuNCs enter the cytoplasm via receptor-mediated endocytosis. 62, 63 However, the amount of AuNCs endocytosed into the mitotic HaCaT cells was sufficient to get reliable SERS spectra with good intensities. Even though some of the SERS spectral features in mitotic HaCaT cells showed similar spectral trend as in HSC cells, they showed a noticeable difference in their molecular dynamics. The ratios of intensities of Raman vibrations between disulfide and C−S (I S−S /I C−S ) vibrations, RB vibrations of Phe and Trp (I 1005 /I 1027 ), and amide III-β and amide III-α conformations (I AmideIII (β) / I AmideIII (α) ) in HSC and HaCaT cells are plotted versus time and are given in Figure 4A ,B. Spectra were collected from five independent experiments in each cases, and the intensity ratios at different time intervals were averaged (also see Figures S5 and S6 for the Raman spectra and respective DF images collected from independent experiments in each case). On the contrary to HSC cell mitosis, the existence of mitotic proteins in their β conformation was momentary in HaCaT cells. The proteins were mostly in α-helix conformation, and the intensity ratio (I AmideIII (β) / I AmideIII (α) ) was always <1 for HaCaT cells.
Dominance of β conformation was only observed during late anaphase (∼11 min) and telophase (∼14 min) (Figure 3) , whereas in HSC cells, the mitotic proteins were in β conformation from metaphase to telophase (5−18 min) (Figures 2 and 4) . As a result of the momentary transformation in protein conformation, the modifications in the disulfide and Trp vibrations were also transitory in mitotic HaCaT cells. Most of the time, the I S−S /I C−S and I 1005 /I 1027 ratios maintained a value >1 (Figure 4) . The above results suggest the obvious protein conformational modification of mitotic proteins in HSC cell. As the microtubules are the main mitotic proteins, which are mainly attributed to the observed spectral modifications during the mitosis, similar kinds of spectral modifications were expected for both HSC and HaCaT cells. However, the observed results pointing toward the fact that abnormal conformational modifications of mitotic proteins to the β form during the mitosis in HSC cells result in the exposure of amino acids, which are likely to be more accessible for binding with AuNC surface.
In order to study the role of microtubules on the observed conformational modifications in the SERS spectra, biomolecular snapshots involved during gold nanoparticle-induced cytokinesis failure (CKF) in HSC cells were probed using time-dependent SERS (Figures 5 and S7 ). For this study, the HSC cells were incubated with 0.03 nM AuNSs. These AuNSs showed an absorption maximum around 540 nm and were ∼42 nm in diameter. The extinction spectrum and TEM image of AuNSs are shown in Figure S8 . It was also noted that AuNCs and AuNSs yield almost the same SERS spectra for the cells at G1 phase ( Figure S2 ). Our early study shows that AuNSs have the potential to arrest the cytokinesis in HSC cells in nanomolar concentration range, 62 which can induce DNA damage and apoptosis. The spectral modifications during CKF ( Figure 5 ) were almost similar as in the case of mitosis in HSC cells ( Figure 2B) . Nevertheless, the Raman vibration corresponding to the RB mode of Trp (1027 cm −1 ), amide III vibration of β conformation, and C−S remained almost unaltered in their intensities during the cytokinesis process after metaphase ( Figures 4C and 5 ). This suggests that, apart from DNA damage, higher concentration of AuNSs most likely stabilizes the microtubules, perturbs the spindle microtubule dynamics, and leads to failure of cytokinesis. 64, 65 It has been shown that stabilization of microtubules by the action of certain anticancer drugs can induce mitotic arrest in cancer cells. 6, 64 DF images suggest that stabilization of microtubules blocks the ingression of the cleavage furrow resulting in cytokinesis failure ( Figure 5 and Supporting Information video S3).
Overall results suggest that DF microscopy together with SERS is capable of providing the momentary and subtle biomolecular events as well as the errors in extremely complex and dynamic biological processes such as mitosis. Moreover, unique capabilities of this approach in simultaneous visualization of physical and chemical aspects of biomolecules involved in mitosis could provide new insights into the role of conformational modifications of mitotic proteins in the development of cancer cells. 
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